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Enzyme activity in obstructive uropathy: Basis for salt wastage and the
acidification defect. Unilateral ureteral obstruction results in marked
changes in renal function throughout the nephron, including impaired
acid and potassium secretion and salt wastage. The nephron site
believed responsible for the acidification defect is the collecting duct. It
has been presumed, although not demonstrated, that the cellular
mechanism for the acidification defect is both a decrease in transepi-
thelial voltage and a decrease in activity of the proton pump located at
the luminal membrane. The mechanism for the abnormalities in sodium
handling are thought due to alterations in Na-K ATPase activity. Our
laboratory has recently mapped the profile of the N-ethylmaleimide(NEM)-sensitive ATPase and Na-K ATPase in microdissected rat
nephron, documenting their presence throughout much of the nephron.
In animals with acute unilateral ureteral obstruction for 18 to 24 hours,
we measured NEM-sensitive ATPase and Na-K ATPase activities in
several nephron sites. In all nephron segments Na-K ATPase activity
was markedly decreased. In the medullary collecting duct, NEM-
sensitive ATPase activity was also markedly reduced in animals with
acute ureteral obstruction; in the cortical collecting duct, activity fell
significantly, but to a lesser degree than was observed in the medullary
collecting duct. NEM-sensitive ATPase activity was unchanged from
control in the proximal convoluted tubule and in the medullary thick
ascending limb; in the cortical thick ascending limb enzyme activity
increased. These results demonstrate a change in both Na-K ATPase
and NEM-sensitive ATPase activities as a direct consequence of a
defect known to result in salt wastage and an acidification defect in
humans and animals. Our findings show that while NEM-sensitive
ATPase activity is abnormal in cortical collecting duct, the medullary
collecting duct is the most severely affected.
Urinary tract obstruction, even of short duration, is associ-
ated with a number of defects in renal function in the rat, dog,
and man. Sodium wastage, decreased potassium excretion,
impaired concentrating ability, and decreased renal blood flow
have all been reported [1—4]. A defect in urinary acidification
also occurs and is characterized by a high urine pH, decreased
ammonium and titratable acid excretion, and an inability to
raise the urine pCO2 [4].
The biochemical basis for these abnormalities is not known,
but a decrease in Na-K ATPase activity in medullary mem-
branes has been reported [5—7]. While such findings may
explain the sodium wastage which invariably occurs following
relief of the obstruction, these observations do not define the
anatomic site precisely, nor do they explain the mechanism of
the acidification defect.
In recent years, it has become possible to measure enzyme
activity in specific segments of the nephron. Additionally, it has
become apparent that in many segments of the mammalian
nephron, a portion of acidification is mediated by an electro-
genic proton-translocating ATPase, inhibitable by N-ethylma-
leimide (NEM-sensitive ATPase) [8, 91.
The purpose of the present study was to measure Na-K
ATPase and NEM-sensitive ATPase activities in microdis-
sected segments of rat nephron after 24-hour urinary tract
obstruction. Our results show that NEM-sensitive ATPase
activity was decreased in the collecting tubule segments (med-
ullary >> cortical) while it was normal (or increased) in the
more proximal parts of the nephron; Na-K ATPase activity
decreased markedly throughout the entire nephron.
Methods
In vivo studies
Urinary tract obstruction of the left kidney of male Sprague-
Dawley rats (150 to 200 g) was performed as follows: animals
were first anesthetized with sodium pentobarbital (2.592 mg/l00
g, i.p.) and Ketamine® (6 mg/100 g, i.m.). Using aseptic
technique, a suprapubic incision was made and the left ureter
identified. The ureter was ligated at the lower one-third, the
abdominal suture closed, and the animals were allowed to
recover for 24 hours while having access to food and water.
After 24 hours, the animals were reanesthetized and the
ureters and the left renal artery cannulated. Baseline blood
samples were taken for measurement of pH, pCO2, Na, and K;
urine samples were taken for pH and pCO2 [4] (ACUC #86 102-
I, approved 1/14/86). The left kidney was then perfused for 15
minutes in situ at a rate of 0.7 ml/min with 12 ml Hank's solution
containing 400 U/ml collagenase (Sigma®, Type IV) and 0.05%
bovine serum albumin at 4°C, pH 7.4. Identically treated
sham-operated animals served as controls.
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Biochemical assays
The kidney was cut along the cortico-papillary axis in small
pyramids and incubated in 3 ml of collagenase-albumin contain-
ing Hank's solution at 35°C for 12 minutes. The tissues were
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continuously bubbled with compressed air (3 psi). After incu-
bation the pyramids were rinsed (x 3) with a modified Hank's
solution (0.25 ifiM Ca) at 4°C and immediately microdissected
according to a modification of the method originally described
by Doucet, Katz and Morel [10].
Microdissection was performed under stereomicroscopic ob-
servation (10 x) with the aid of fine stainless steel needles.
Nephron segments were individually placed on a glass coverslip(4°C) in a 1.2 l drop of Hank's solution. They were then
photographed on a microscopic grid (0.1 mm divisions) at a
constant magnification (40 x) with the aid of a Spencer AOl
microscope fitted with a Polaroid camera. The tubule segments
were photographed, and after film development, the negatives
were projected on a screen at a constant magnification and the
tubule length was determined with the aid of a map measure.
Depending on length, tubule segments were pooled such that
total tubule length for each enzyme assay was > 4 mm (range
4.06 to 14.86 mm).
The following segments were dissected for subsequent bio-
chemical measurement of Na-K ATPase and NEM-sensitive
ATPase activities:
1. Proximal convoluted tubules of the supeificial nephrons
and the juxtamedullary nephrons. The early segments of the
proximal tubules were recognized in the upper and lower cortex
by their attachment to their respective glomeruli.
2. Medullary thick ascending limb. The medullary thick
ascending limb was dissected from the inner stripe of the outer
medulla following identification of the thin limbs.
3. Cortical thick ascending limb. The cortical thick ascending
limb was dissected from the cortex near the macula densa.
4. Cortical collecting tubule. The cortical collecting duct was
dissected within the medullary ray below the last branching
with another tubule.
5. Medullary collecting tubule. The medullary collecting duct
was dissected deep within the inner medulla and identified by its
diameter and light reflex.
Following photography, the tubules were individually trans-
ferred to a small disk of aluminum foil (3 mm diameter)
containing 1 j.d modified Hank's solution and placed in individ-
ual wells in an aluminum plaque (1 cm thickness). This solution
was then carefully removed and replaced by 5 p1 glass distilled
water (4°C). After 15 minutes the water droplet was aspirated
and replaced by an equal volume of glass distilled water. The
aluminum plaques were then placed on dry ice at —20°C for 15
minutes. Following the two-step hypotonic-hypothermic shock,
the plaques containing the pooled tubule segments (mean length
8.34 0.39 mm, N> 50) were allowed to thaw gradually on ice
to 4°C [10]. The distilled water was then replaced by 1.2 p1 of
incubation medium (composition is below) with a glass micropi-
pette (reproducibility 0.05%) for determination of Na-K
ATPase and NEM-sensitive ATPase activities.
For determination of Na-K ATPase, activity was first mea-
sured in a buffer containing 50 mrs NaCI, 5 mt't KC1, 10 mM
MgCl2, 1 nm EGTA (Ethylene glycol-bis(/3-amino-ethyl ether)-
N,N,N',N'-tetra-acetic acid), 100 ifiM Tris-HC1, and 12 mM
vanadium-free ATP (pH 7.4). To determine the ouabain-sensi-
tive ATPase, sodium and potassium were replaced with 50 mri
Tris-HCI, and 2 mrt ouabain was added [10, 11]. Na-K ATPase
activity is defined as the difference in activity found in the
presence and absence of ouabain.
For determination of NEM-sensitive ATPase activity tubules
were incubated in a sodium- and potassium-free buffer contain-
ing 150 mM Tris-HC1, 10 mri MgCI2, 1 mri EGTA, 2 mM
ouabain, 2 m,t NaN3, and 20 g/ml oligomycin (pH 7.4) [12].
ATPase activities in the presence and absence of 2 ifiM N-
ethylmaleimide were determined, and the difference between
the two is defined as the NEM-sensitive ATPase.
Enzyme assays were begun by the addition of high specific
activity y-32P-ATP (2 to 10 Ci/mmol) added in tracer amounts
(10 nCiIp1) to 12 mrs ATP (vanadium-free). The tubules were
then incubated for 15 minutes at 37°C. The incubation was
stopped by placing the plaques on ice; this was followed
immediately by the addition of 7 .d of a 10%-activated charcoal
suspension in 5% trichloroacetic acid (4°C). Activated charcoal
was used to bind the unhydrolyzed ATP, and the labeled
inorganic phosphate was separated under vacuum by rapid
Millipore® filtration coupled with a wash of 0.1% phosphate
buffer (1 ml), pH 6.0, at 4°C.
The amount of ATP hydrolyzed was determined with the aid
of a Beckman Model LS 3801 counter (Beckman Instruments,
Fullerton, California, USA) following the correction of each
sample for the spontaneous hydrolysis of ATP and nonspecific
binding to protein. Using this method we found, as have others,
that P32 recovery in the effluent is 99.5%, and that the activated
charcoal retains greater than 98% of the radioactivity present in
y-32P-ATP [10, 12, 13].
All measurements were made in duplicate or triplicate and a
mean value was obtained to determine a single point. In each
experiment blanks were also run in triplicate to correct for the
spontaneous hydrolysis of ATP with time, temperature, and
pH. Nonspecific binding of the isotope to tubular protein was
estimated by the hydrolysis of ATP obtained at 4°C.
Solutions and calculations
Hank's solution is a balanced salt solution containing
(mM): NaC1, 137.0; KC1, 5.36; MgSO4. 7H20, 0.811;
Na2HPO4. 2H20, 0.338; KH2PO4, 0.44; MgC12, 1.05; CaC12,
1.0; Tns-HC1, 10; pH 7.4. All chemicals except y-32P-ATP
(New England Nuclear, Boston, Massachusetts, USA) were
obtained from Sigma Chemical Company (St. Louis, Missouri,
USA) and were of the highest purity. Disodium ATP (vanadi-
um-free) was used in most of the experiments.
Results of enzyme Specific Activity (SA) are expressed as
pmoLlmmlhr of ATP hydrolyzed (± SEM) using the equation [10,
121:
1 /x—B
SA = —I —L t\SRA
tubule length in mm
incubation time in hr
cpm of the samples
cpm of the blanks
specific radioactivity of °.32P-ATP
Statistical analyses
Statistical significance was assessed using the two-tail Stu-
dent t-test (except where noted) with P values of 0.05 or less
being significant.
where,
L=
x=
B=
SRA =
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Fig. 1. Enzyme activity in the early superficial and
juxtamedullaiy proximal tubules from rats. Symbols
are: controls (a); 24-hr unilateral ureteral
obstruction (UUO, ). A. Na-K ATPase activity. B.
NEM-sensitive ATPase activity (H-ATPase).
Number in parentheses = number of animals
studied. * P < 0.01.
Results
Baseline urine values for pH and pCO2 are given in Table 1.
As has been previously demonstrated [4], 24 hours of unilateral
ureteral obstruction resulted in a high urine pH and low pCO2
tension compared to the contralateral control kidney. Arterial
blood pH was normal (7.38 0.09), as was the arterial pCO2
(42.4 2.1 mm Hg) and the calculated HCO3 concentration
(24.2 1.1 mEq/liter; N = 15). Plasma sodium was 142 3
mEq/liter (N = 15) and plasma potassium was 4.4 0.3
mEq/liter (N = 13). In the identically treated sham-operated
animals, bladder urine pH was 6.00 0.09 and urine pCO2 was
47 mm Hg (N = 11). Plasma sodium and potassium concentra-
tions were not different from those animals having unilateral
ureteral obstruction (data not given).
When the left kidneys from obstructed and sham-operated
animals were dissected and nephron segments from the early
proximal tubule of superficial and juxtamedullary cortex tested
for Na-K ATPase and NEM-sensitive ATPase activities, the
following results were obtained (Fig. 1): In both superficial and
juxtamedullary proximal tubules from obstructed kidneys, Na-
K ATPase activity (Fig. IA) was decreased 75 6% and 85
7%, respectively (both were P < 0.001 from the sham-operated
animals). NEM-sensitive ATPase activity (Fig. 1B) in these two
segments of the proximal tubule from obstructed kidneys was
not different from results obtained in sham-operated controls.
When similar measurements were made in the medullary and
cortical thick ascending limb, the following results were ob-
Table 1. Urine pH and pCO2 following 24-hour unilateral ureteral
obstruction
Control
kidney P<
Post-obstructed
kidney
pH 5.71 0.06 0.001 7.48 0.06
pCO2 mm Hg 42.1 3.1 0.001 21.4 2.7
X SEM (N = 15 animals)
tamed (Fig. 2): In both medullary and cortical thick ascending
limb segments from obstructed kidneys, Na-K ATPase activity
(Fig. 2A) was virtually zero (both were P < 0.001 froni
sham-operated controls). The percentage loss appeared mort
marked in the cortical thick ascending limb (=91%) as com
pared to the medullary segment (80 7%). NEM-sensitivc
ATPase activity (Fig. 2B), in the medullary thick ascendinl
limb segments from obstructed kidneys, was not different frorr
sham-operated controls. In the cortical thick ascending ,limb
however, unilateral ureteral obstruction resulted in a significan
increase in NEM-sensitive activity (P < 0.025); the percentua
increase in this segment was 50 9%.
Enzyme activities in the cortical and medullary collectini
duct segments were as follows (Fig. 3): In both cortical ant
medullary collecting duct segments of obstructed kidneys
Na-K ATPase activity (Fig. 3A) was significantly decreased a
compared to the sham-operated controls (55 7% and 75 6%
respectively). NEM-sensitive ATPase activity (Fig. 3B) fron
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obstructed kidneys was also decreased in both segments of the
collecting duct. In the medullary collecting duct enzyme activ-
ity was more profoundly affected; in this segment the percent
decrease in activity was 89 7%. In the cortical collecting duct
activity decreased, but to a lesser degree, approximately 25%.
In control CCT, NEM-sensitive ATPase activity was 320 33
pmol/mmlhr, N = 11; following 24-hour unilateral ureteral
obstruction, NEM-sensitive ATPase activity was 237 28
pmol/mmlhr, N = 18 (P < 0.10> 0.05 with two-tail (-test).
In contrast to the changes seen in Na-K ATPase and NEM-
sensitive ATPase activities, 24 hours of ureteral obstruction had
no effect on the Mg-dependent ATPase in any of the nephron
segments studied.
Discussion
The present study was designed to examine the activity of
two enzymes in microdissected segments of rat nephron follow-
ing 24-hour unilateral ureteral obstruction. Our results show
that Na-K ATPase activity was decreased markedly throughout
the entire nephron, while the NEM-sensitive ATPase activity
was decreased selectively. NEM-sensitive ATPase activity was
reduced only in the collecting duct, and the medullary collecting
duct segment was more severely affected than was the cortical
segment.
Na-K ATPase activity has been measured in renal slices and
microsomes following 24-hour unilateral ureteral obstruction.
In all of the studies, enzyme activity in the medulla was found
Fig. 2. Enzyme activity in the medullary and
cortical thick ascending limb from rats. Symbols
are: Controls (a); 24-hr unilateral ureteral
obstruction (UUO, U). A. Na-K ATPase activity. B.
NEM-sensitive ATPase activity (H-ATPase).
Number in parentheses = number of animals
studied. * P < 0.025.
to be decreased [5—7]. In the studies of renal cortex, however,
the results have been variable. In some studies, cortical Na-K
ATPase activity was decreased, whereas in others, no signifi-
cant change was noted [14, 15]. As renal slices or microsomes
contain segments (or membrane fragments) from both the
proximal and distal nephron, we designed the present study to
examine Na-K ATPase activity following 24 hours of ureteral
obstruction in microdissected segments of rat nephron, a tech-
nique in which the anatomic site is precisely known.
In the early segment of the proximal convoluted tubule, 24
hours of unilateral ureteral obstruction decreased Na-K
ATPase activity. This decrease occurred to approximately the
same degree (=80%) in tubule segments isolated from both the
superficial and juxtamedullary cortex. This finding is significant
as functional studies of unilateral obstruction demonstrate that
the juxtamedullary nephrons are the more affected. Using the
qualitative Hanssen's technique, Buerkert et al [16] demon-
strated that only one third of the juxtamedullary nephrons were
filtering after 24 hours of ureteral obstruction as compared to
60% of the superficial nephrons. In metabolic studies of rat
cortical slices (superficial and juxtamedullary), Blondin et al
[17] showed glucose production, oxygen consumption, and
ATP content were markedly decreased after 24 hours of ob-
struction. Microscopy revealed that the proximal tubules were
swollen and filled with vacuoles, but the mitochondria appeared
normal. In proximal tubule suspensions Nito et al [18] found
similar results following 24 hours of ureteral obstruction, but
200
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Fig. 3. Enzyme activity in the medullary and
cortical collecting duct from rats. Symbols are:
Controls (li); 24-hr unilateral ureteral obstruction
(UUO, U). A. Na-K ATPase activity (P < 0.01). B.
NEM-sensitive ATPase activity (H-ATPase) (* P <
0.10> 0.05, two-tailed t test, P < 0.01). Number
in parentheses = number of animals studied.
these investigators also demonstrated that cell ADP and AMP
were depleted, findings not seen in renal isehemia.
The effect of ureteral obstruction on Na-K ATPase activity in
the proximal tubule is probably reflective of the high degree of
aerobic metabolism in this site [19]. Cell ATP content probably
becomes rate limiting fairly quickly in vivo, and down regula-
tion of the enzyme likely occurs; as a consequence ATP-
dependent sodium reabsorption would be expected to decrease.
Whether this is the explanation for the fall in proximal tubular
Na-K ATPase seen in our in vitro studies is not clear.
Our study also shows that unilateral ureteral obstruction
decreased Na-K ATPase in both the cortical and medullary
thick ascending limb. Similar findings have also been noted in
canine medullary microsomes. Dysfunction of the thick ascend-
ing limb (medullary and cortical) following urinary tract ob-
struction is substantial, and while the mechanisms for this effect
are not completely known, Knox et al [20] have suggested that
it may be due to the loss of medullary tonicity. In medullary
slices from obstructed kidneys, Na-K ATPase activity normal-
ized when the slices were incubated in a buffer of 1600 mOsm
NaCI [20]. While this finding could explain the medullary thick
ascending dysfunction, it does not fully explain the abnormali-
ties noted in the cortical segment.
In the collecting duct, Na-K ATPase activity also decreased
following short term unilateral ureteral obstruction. The de-
crease occurred in both the cortical and the medullary seg-
ments. In the collecting tubule the fall in Na-K ATPase activity
may be due to a rise in intratubular pressure as isolated tubules,
when perfused at high pressure, have a marked decrease in
transepithelial voltage (J. P. Kokko, personal communication).
Taken together, we believe that the decrease in Na-K
ATPase activity may be the biochemical marker for the salt
wastage excretion seen following unilateral ureteral obstruc-
tion. While these experiments did not examine sodium handling
directly, other studies in the rat show salt wastage with unilat-
eral ureteral obstruction [21, 22].
The effect of 24-hour unilateral ureteral obstruction on NEM-
sensitive ATPase activity is quite different from that of Na-K
ATPase activity. In the proximal tubule, enzyme activity was
the same as results obtained from control animals. In this
segment of the nephron 80% of acidification occurs by a Na/H
antiporter [23]; bicarbonate reabsorption, a reflection of Na/H
activity by the proximal tubule, is actually enhanced (per unit
GFR) following 24 hours of unilateral ureteral obstruction [41.
While electrogenic proton secretion probably also occurs in the
proximal tubule, its physiologic importance is not completely
understood. Regardless, our study shows that to the extent
NEM-sensitive ATPase activity is a marker of electrogenic
acidification, it is not affected by short-term unilateral ureteral
obstruction.
In thick ascending limbs dissected from obstructed kidneys,
NEM-sensitive ATPase activity was normal in the medullary
segment and increased in the cortical segment. The role of the
NEM-sensitive ATPase in thick ascending limb is not clear [8],
but we have recently demonstrated that vanadate and chronic
A
1000
800
600
400
200
0. I
Na-K ATPase activity
1000
800
600
400'
200'
0I II
Control(N = 13)
Medullary
Control UUO(N=13) (N=9)
Cortical
* P<0.01
B W-ATPase activity
350
300
I
100
350
300
250
200
Control UUO(N= 11) (N= 18)
**
Control UUO(N=5) (N=5)
Cortical Medullary
84 Sabatini and Kurtzman: Urinary tract obstruction and ATPase activities
metabolic acidosis stimulates its activity in both the cortical and
medullary segment [12, 24].
In the collecting duct, unilateral ureteral obstruction de-
creased NEM-sensitive ATPase slightly in the cortical segment
and markedly in the medullary segment. In a temporal study in
rabbits with ureteral obstruction, Laski and Kurtzman [25]
found that a decrease in TCO2 occurred first in perfused
medullary collecting duct segments; only later was there a slight
fall in TCO2 in cortical segments. From the present study it is
impossible to determine when the decrease in medullary (and
cortical) NEM-sensitive ATPase occurs. Furthermore, to pre-
cisely define the functional significance of these observations,
serial experiments must be performed showing that the fall in
enzyme activity in vitro corresponds with the onset of the
acidification defect.
The mechanism whereby unilateral ureteral obstruction de-
creases enzyme activity is not known, but the factors discussed
above as well as the release of locally acting mediators may be
responsible [19, 23, 26]. The possibility also exists that nonspe-
cific cell damage occurred affecting only those enzymes bound
to the plasma membrane (apical and basolateral). This would
explain the decrease in Na-K ATPase through the nephron; it
would also explain the lack of effect on the NEM-sensitive
ATPase in the proximal tubule, as it is mainly localized to
endosomal (or lysosomal) membranes [27]. In the collecting
duct by contrast, the enzyme is primarily localized to the apical
membrane. While such an interpretation is intriguing, it seems
less likely in our view as one would have expected both cortical
and medullary collecting duct NEM-sensitive ATPase to be
depressed equally, following ureteral obstruction, and one
would not have expected an increase in enzyme activity in the
thick ascending limb.
In summary, our study shows that 24-hour unilateral ureteral
obstruction is associated with a decrease in Na-K ATPase
activity throughout the entire rat nephron. NEM-sensitive
ATPase activity, on the other hand, is decreased only in the
collecting duct, and the medullary segment is the more severely
affected. These findings may be the biochemical basis for the
salt wastage and the acidification defect universally seen after
short-term urinary tract obstruction.
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